This paper represents an attempt to characterize the cement paste structure on different length scales. On the micron to submicron scale, backscatter-mode SEM provides extremely useful information on the composition and microstructure of the phenograins and groundmass. However, the backscatter-mode SEM overestimates both the pores' size and pores' volume. Evidence obtained from atomic force microscopy (AFM) studies indicates that the C-S-H is mainly a particulate system made of particles in size up to about 2.5 nm. Most of the particles are roughly spherical or oval. The nanostructure revealed has no specific orientation and certainly does not have any layered or ribbon like fibers morphology as frequently is postulated in the literature. Gel pores appear in the form of an interparticle porosity and on average are about 0.9 nm in size with aspect ratio of about 1.8. The C-S-H surface area in the groundmass is highly tortuous which adds to the high surface area of the paste. AFM data conforms very well to trimethylsilylation and nuclear magnetic resonance studies indicating that the C-S-H is composed of short-order dimer with smaller amounts of pentamer to octamer silica tetrahydra.
INTRODUCTION
Properties of cementitious materials depend heavily on their internal structure. Thus, apart from academic interests, understanding the actual microstructure of engineering materials is of considerable value because it enables correlation between the viewed microstructure and material properties, and second; lays the foundation for engineering the microstructure and imparting advanced properties. Of the various properties, it is generally agreed that porosity is a fundamental one as it affects a number of properties including mechanical strength, modulus of elasticity, wave propagation, diffusivity, etc. In addition, because of the relativity low resistance to environmental attacks, the pore structure in cement based materials plays a major role on durability and shrinkage. It becomes obvious that knowledge of the pore structure and solid particles is of prime interest.
However, despite availability of advanced instrumentation and numerous studies on the subject mater, the nanostructure of the cement paste is still a challenge and the information is sketchy at best. Furthermore, even the actual microstructure and size of pores is subjected to a considerable debate. Lack of accurate description of the hydrated products is related to the complexity of the cementitious materials. This complexity stems from two factors; heterogeneity and multi-length scales that range from nanoscale up to the millimeter-scale. Cement pastes comprise various phases including non-crystalline hydrated phases, hydrated crystalline phases, and unhydrated crystalline phases that all have different chemistries and length scales, and none of the existing analytical methods/instrumentation can cover all these length scales.
The objectives of this paper are therefore twofold: to report on the nanostructure of the C-S-H as is obtained from AFM (atomic force microscopy) studies and explain some of the apparent discrepancies in the microstructure as viewed in a backscatter-mode SEM and other indirect methods.
MICROSTRUCTURE AS VIEWED IN BACKSCATTER-MODE SEM
Wealth of information on both the microstructure and composition comes from backscattermode SEM studies. Images taken by this technique on flat polished surfaces permit direct and clear observations on the microstructure and the spatial distribution of the cement paste constituents on a micron and submicron scale. Microstructurally, the hardened cement comprises two distinct kinds of structural unitsdistinct grains that are termed as "phenograins" and groundmass. 1 Several types of phenograins exist including unhydrated or superficially hydrated clinker grains, such as ferrite and belite, partially hydrated phenograins in which the core is composed of unhydrated clinker grain and that is surrounded by a dense hydration rim, completely hydrated phenograins, and hollow shell hydrated grains that some of them are also referred to as Hadley 2 grains. The hollow shell hydrated grains are quite common at early age of hydration, but their abundance at later ages, i.e. a few months and older is insignificant.
Terminology wise, the unhydrated phenograins and the groundmass are frequently referred to in the literature in non-descriptive generic terms as "inner and "outer products", respectively coined by Taplin 3 or "late and undesignated products", Taylor 4 and Scrivener et al. 5 Although it is beyond the scope of this paper, it should be mentioned that the term "inner products", that means deposition of C-S-H within the boundary of the former clinker grain is fundamentally incorrect simply because the volume of the hydrated products is about 2.2 times greater than the volume of the original clinker grain. Therefore, a considerable part of the "inner product" must lie outside the boundary of the former clinker grain that has been hydrated. Consequently, the current author prefers to use the precise descriptive nomenclature phenograins and groundmass rather than inner and outer products.
The groundmass is composed of small, amorphic particles that are themselves embedded in pore space of roughly the same size as the amorphic particles, and this network of particles and pores generates the characteristic cellular structure of the groundmass that is often seen in BSE image micrographs. It is evident that much of the porosity viewed in Fig. 1 is confined to the groundmass. This also explains the phenomenon that the gray level of the C-S-H of the phenograins is greater than the corresponding gray level of the C-S-H particles in the groundmass.
Different types of pores exist in the hardened cement, i.e. gel pores, capillary pores, hollowshell or Hadley grains, and porous areas developed around interfacial transition zones. 6 It should be pointed out that transition zones are not necessarily related to paste-aggregate only, but such zones also are formed between particle-particle and particle-air void boundaries. It should also be acknowledged that the resolution in the backscatter electron (BSE) image is not nearly as good as that obtained in secondary electron image. 7 It follows that the resolution in BSE image is insufficient to detect all of the gel pores and those capillary pores that are smaller than about 0.1-0.4 µm. All of the other pores that are greater in size than about 0.4 µm are readily detected by the backscatter detector.
Quantitative measurements of pores in backscatter-mode SEM, by for example acquiring binary images at various magnifications has been proven difficult. In turn, mercury intrusion porosimetry (MIP) technique has yielded fairly consistent results, e.g. 8, 9, 10 MIP can access and quantify pores with diameters ranging from about 0.5 µm down to about 3 nm, depending on the equipment used. Porosities that lie outside the range of backscatter-mode SEM and MIP can be determined by other techniques. The upper range can be quantifies by light microscopy, whereas the porosity on the nanoscale range can be assessed by indirect/ bulk techniques, and more recently by atomic force microscopy, AFM.
Of interest, the pores seen in BSE images are significantly larger than those measured by MIP techniques. Indeed, mercury intrusion is not free from problems. 11 In MIP test, the pressure is increased continuously and the volume of mercury that intrudes into pores at a specified pressure is related to the pores' diameter by using Washburn expression. The curves of pore volume versus pore diameter may be altered by using different drying methods. In addition, the tally of the porosity at specified pore size may be distorted because the pore size is related to the narrowest opening of the pore, rather than an average diameter of the pore, and the mercury may break thin walls that separate adjacent pores. 12, 13 This apparent discrepancy between BSE images and MIP data has generated an intense debate. Recently, Dr. Diamond has challenged the validity of MIP results and dubbed the MIP method as "an inappropriate method for the measurement of pore size distribution in cementbased materials" and MIP does not provide "even an approximate idea of the actual sizes present, but underestimate them very badly."
14 One of the main arguments was based on the observation of the actual sizes of pores as is illustrated in Fig. 1 . One of the most important assumptions made was that large regions of cement paste are not intruded by mercury until pressures are reached that are high enough for the mercury to penetrate extremely narrow entryways. The underlying assumption that Dr. Diamond made was that if thin walls are not broken, most of the pores have extremely narrow openings, thus relatively large pores are not filled with mercury at the right pressure, but only after the pressure is high enough to force the mercury via the narrow openings. As a result, MIP measurements of pore size distribution systematically misallocates the sizes of almost all of the volume of pores in cement and assigns them to sizes smaller that of the threshold diameter regardless of their actual sizes.
That led Dr. Diamond to conclude that the actual pore size distribution of cement paste is one to two orders of magnitude greater than corresponding pore size distribution that is obtained from interpretation of MIP data.
As pointed out above, MIP is not a problems-free technique and in similarity to many others existing analytical techniques, it is far from being perfect. That implies that to some extent it misrepresents the actual size of the pores. However, in fact BSE images are not problem-free either.
Backscatter electron images are characterized by a large volume of big pores that is not registered by any other techniques including nondestructive techniques, such as solvent replacement.
15 Figure 2 illustrates the difference in the solid volume of the groundmass as is visible in AFM micrograph. Figure 2 was taken at a low magnification on a polished, flat surfaces of one year old cement paste. The pores viewed in Fig. 2 are in a remarkable contrast to the pores viewed in BSE images ( Fig. 1 ) with respect to both pores' size and pores' volume. The arrows in the figure mark depressions made by nanoindentation that are about 65 nm across and these dents help in appreciating the size of the capillary pores and the ratio of pores to solid volume in the viewed area. Indeed, many capillary pores are greater in size than those seen in Fig. 2 , and with this respect, Fig. 2 is not necessarily a representative sample. Nevertheless, discrepancy between the solid mass of the hydrated materials viewed in BSE images and AFM images deserves considerations.
That BSE image shows larger porosity in big pore sizes might be attributed to a few reasons. Modern backscatter SEM devices are usually equipped with a split-quadrant or similar segmented annular detector that is placed just above the analyzed surfaces of the specimen and makes corrections for regions that are tilted away from the detector. However, this detector does not correct for surface irregularities, and lows. It should be noted that despite the careful polishing, numerous lows might be encountered. Consequently, such surface irregularities and lows might appear as pores. Secondly, specimens for backscatter examination are usually embedded in a low-viscosity epoxy to reinforce the surfaces to be polished. The epoxy has a low backscatter coefficient and therefore low gray level similar to that of pores. If some of this epoxy is not removed during the polishing processes, especially in the vicinity of pores that it fills, it will be tallied as porosity and increases the size of the pores. Alternatively, if the epoxy does not penetrate some pores, the rims of these pores may be eroded and removed during the polishing process, forming lows and by this, augmenting both the pores' size and pores' volume.
Another explanation relates to the way that the primary high-energy electrons interact with the material. In the vicinity of pores, if the incident electrons are not scattered by an angle of π, some of them will bounce back in the direction of the pores and increasing somewhat the gray level of these pores that still be counted as pores. As a result, next to the pores flux of bouncing electron will be reduced and such areas will be assigned with lower gray levels and be tallied as pores.
EVIDENCE DERIVED FROM WATER SORPTION ISOTHERMS AND SAXS
In contrast to Dr. Diamond interpretation, there is a large body of information indicating that a great deal of the porosity in the cement paste has nanoscale dimensions.
Apart from the MIP technique mentioned above (that with the available instrumentation can measures pores down to 3 nm), indirect information on the nature of the porous nanostructure of the C-S-H comes from gas sorption isotherm, and small angle X-ray and neutron scattering (SAXS, SANS) studies. 16, 17, 18, 19 One distinguished characteristics of the cement paste relates to its relatively high surface area that is attributed to the formation of gel pores. BET analyses have been effectively used to characterizing porous materials with very high surface area, 20 and sorption isotherms using water have been instrumental in studying the nanostructure of the cement paste. Application of the latter technique to the cement paste has yielded consistent results with relatively small variations. According to Powers, 21 the BET water sorption surface area of fully hydrated cement vary from about 190 to about 220 m 2 g -1 , and if these results are corrected for the content of CH in the pastes, the surface area of the C-S-H varies from about 235 to about 265 m 2 g -1 , and on average about 250 m 2 g -1 . Assuming spherical particles of even size, equation 1 gives the relations between the specific surface area, S of a material, and the diameter of the individual particle in the material
where d is the diameter of the particle and ρ is the density. If the density of a D-dried paste is taken as 2.51 g cm -3 and the specific surface of the paste is 200 m 2 g -1 , the diameter of a spherical individual particle is about 12 nm per 1 gram of D-dried paste (or about 15 nm per 1 gram of dry portland cement). If a correction is made to account for the presence of CH, the calculated diameter of the individual particle would be about 9.6 nm per 1 gram of C-S-H.
The surface area that is obtained from SAXS measurements is about 3 times greater than the corresponding BET water sorption results and the reported values range from about 600 to 800 m 2 g -1 . By substituting the latter value in equation 1, the average size of a spherical particle in the C-S-H is about 3 nm across. Interestingly, the surface area of some clay, e.g., montmorillonite is also about 800 m 2 g -1 .
THE NANOSTRUCTURE OF THE C-S-H
Several models have been proposed to account for the relatively large specific surface area of the cement paste. Feldman and Sereda 22 regarded the gel as a three-dimensional assemblage of platy C-S-H layers, which tended to form sub parallel groups a few layers thick. In a modification of this model, Daimon et al. 23 considered that the gel consisted of particles having an internal structure similar to that proposed by Feldman and Sereda with pores having an equivalent radius of 1.6-100 nm. The smaller pores within the gel particles were 0.6-1.6 nm in equivalent radius.
A number of authors, e.g., 24 ,25 described the C-S-H gel as composed of a mixture of imperfect jennite and tobermorite having a platy structure. In another paper, Jennings 26 suggests a model in which the C-S-H comprises assemblages of uniform spheres having a radius of 1.2 nm. These models differ in whether, to what extent, or on what scale the gel is regarded as being composed of separate particles.
Recent AFM studies, however neither conform to platy or fibrillose structure. Rather, the C-S-H is a particulate system in which the particles are characterized with a very low degree of polymerization. Fig. 3 is an AFM micrograph showing the nanostructure of the groundmass of the paste. The image acquired in a contact mode that delineates the topography by sliding the probe tip across the sample surface and providing a high-resolution topographic map.
Several features deserve attention. To reiterate, in comparison with Fig. 1 , the volume of the solid mass is much greater than the corresponding mass viewed in a backscatter-mode SEM. The structure of the hydrated products is characterized by high relief and very tortuous surfaces. The solid mass in not uniform, but is composed of a mixture of brighter hexagonallike zones and amorphic materials with lower gray levels. The hexagonal-like materials probably correspond to the Ca(OH) 2 crystals that form an intimate mixture with the C-S-H on submicron scale, Bonen and Diamond. 27 The size of the capillary in this micrograph varies from very fine pores up to less than 2 µm, and none of these capillary is spherical. To this end, unless a vertical section is made, the presence or absence of ink-bottle pores cannot be categorically revealed. With that reservation in mind, a close examination of the pores indicates that many of them are V-shaped and the exact morphology is dictated by surrounding solid particles. In all, if ink-bottle pores are present, according to Fig. 3 , their abundance is small. Figure 4 is an AFM micrograph showing the morphology of the C-S-H of the phenograins. The nanostructure is clearly of that of a particulate system comprising individual particles that range is size from about 0.3 to about 3 nm and averaging about 1.4 nm in the longest dimension. In addition, no specific orientation can be identified. The particles were assigned into a few morphologies varying from spherical to flaky and amorphic. Of 451 particles counted, about 25% were found to be spherical, about 35% oval, 26% elongated, 3% flaky and about 11% amorphic.
The associated porosity in Fig. 4 may be best described as an interparticle porosity. On average, the size of the pores is about 0.9 nm in the longest direction and the average aspect ratio is about 1.8. If this interparticle porosity corresponds to Powers and Brownyard's gel porosity, to the best knowledge of the author, this is the first clear view of such pores that their presence was postulated some 58 years ago. It should be mentioned that the structure viewed in Fig. 4 is remarkably similar to some TEM micrographs 28, 29 , but differs in size and details. In the reported TEM micrographs, both the solid particles and pores are bigger. Of interest, the picture inferred from Fig. 4 agrees well with reported trimethylsilylation (TMS method) molecular size separation, and nuclear magnetic resonance (NMR) studies. The nanostructure of the C-S-H is probably best correlated with a composition of short polymers as was postulated by Taylor 4 . Data acquired from chemical trimethylsilylation analyses indicate that the C-S-H is composed of short-order dimer to octamer silica and the content of the pentamer and octamer is much smaller than that of the dimer. 30, 31, 32 Based on these data, Taylor 4 suggested that the average chain length of one year old paste is about 3. Results acquired from 29 Si 'magic angle spinning' NMR show that the C-S-H is composed of linear chain silicates, sorosilicates, (Si 2 O 7 )
6-, i.e. , dimer (Q 1 ), some small amounts of inosilicates, (SiO 3 ) 2- , (Q 2 ) and absence of any cross-linking. 33, 34 Taking into account the TMS and NMR information, if the C-S-H is mainly composed of inosilicate, and the unit cell is taken as about 5 Å, the average size of the particle at after one year of hydration would be 3 x 0.5 = 1.5 nm. It follows that the structure reported above confirms Taylor's assumptions.
SUMMARY
The literature frequently considers the gel particles as being composed of a platy threedimensional assemblage or ribbon like fibers. Recent AFM studies do not conform to a layered structure. Rather, the nanostructure of the C-S-H comprises amorphous particles ranging in size from about 1 to 2.5 nm. The average pore size is about 0.9 nm and the corresponding aspect ratio is about 1.8. The structure revealed conforms to prior TMS-NMR studies indicating that the C-S-H is mainly made of dimer and some smaller quantities of pentamer and octamer. Data acquired from backscatter scanning electron microscopy overestimate both the size and content of pores. By contrast, MIP underestimates the content of pores smaller than 3 nm. The estimated surface area of the C-S-H obtained from AFM investigation agrees well with SAXS measurements data. However, there is still a discrepancy between the estimated AFM and SAXS surfaces area and the data acquired from BET water sorption and MIP techniques. This discrepancy might be related to accessibility issues of water and mercury in the latter two techniques.
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